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A B S T R A C T Lysinuric protein intolerance (LPI) is
a rare recessively inherited disease in which one of the fundamental physiological defects is in the mechanism by which diamino acids are transported by the kidney.
The purpose of the present studies was to examine that mechanism in four controls and seven patients with LPI. Two types of studies were conducted. In the first set, the renal handling of l-arginine and l-ornithine was evaluated by gradually increasing the plasma concentration of each of these amino acids by constant infusion techniques. In the second set of studies, the possible existence of competitive inhibition between l-arginine, l-ornithine, and 1-lysine was examined.
In the control subjects, there was almost complete reabsorption of arginine and ornithine, with increases in their filtered loads to 50-100 times normal. With further increases in the filtered loads of these amino acids, there was a gradual decrease in their fractional reabsorption. Mutual competitive inhibition was suggested by the observation that an increase in the filtered load of one diamino acid was associated with a decrease in the reabsorption of the other two. In LPI, the fasting plasma diamino acid concentrations were significantly lower than in the controls. With low filtered loads, the fractional reabsorption of the diamino acids was clearly below normal. This defect diminished with higher loads. A stepwise increase in the plasma concentration of one diamino acid resulted in a biphasic response. Initially, net tubular secretion of the other diamino acids was noted, but later was followed by return to net absorption. When two diamino acids were infused simultaneously, net absorption of both took place, though less efficiently than in the controls. We conclude that the renal reabsorption mechanism is defective in patients with LPI. With low normal filtered loads, there is increased fractional excretion INTRODUCTION Lysinuric protein intolerance (LPI)1 (1-3) is a welldefined recessively inherited (4) disease associated with massive renal lysinuria without cystinuria and with hyperammonemia after amino nitrogen loading. It is characterized by loss of appetite, vomiting and diarrhea after introduction of cow's milk feeding, short stature, hepato-and frequently splenomegaly, neutropenia and often thrombocytopenia, and aversion to protein-rich food. The hyperammonemic response to protein intake can be abolished by giving arginine or ornithine (3). At present, 20 patients with LPI are known in Finland and 1 in Sweden (5, 6) , and some patients 'with very similar symptoms have been reported elsewhere (7) (8) (9) (10) (11) .
The nature of the association between the slow synthesis of urea and the renal leakage of diamino acids in LPI has not been clarified (5, 6, 12, 13) . We suggest that the availability of ornithine, the carrier molecule upon which urea is formed in the liver, is decreased because of a transport defect severe enough to impair the function of the cycle. The transport of diamino acids in LPI thus has to be studied in detail.
Several lines of evidence suggest that the diamino acids, lysine, arginine, and ornithine, share a common transport system in the human kidney tubule. Previous workers have shown that normal persons have increased urinary loss of all three diamino acids during lysine infusion (14, 15) . In cystinuric subjects, the three diamino acids, are selectively lost along with cystine (16- Informed consent for these studies was obtained from all subjects or their guardians (in the case of children).
Experimental procedure. Conventional clearance methods were used. Steady plasma concentration of the infused amino acid was achieved with a constant-flow infusion pump (Infusion/Withdrawal Pump, model 957, Harvard Apparatus Co., Inc., Millis, Mass.). A balloon catheter was inserted in the bladder and a venous catheter (Venflon intravenous catheter, Viggo AB, Sweden) in a cubital vein. This was used for both the infusion and the drawing of blood samples; an infusion pause of 45 s and 12 wasted drops of blood preceded the drawing of each 6-ml blood sample. This gave the same plasma concentration of the infused amino acid as blood from another vein, as ascertained in separate experiments. Care was taken to maintain sterility, and prophylactic sulfafurazole was given to all subjects. One patient with LPI became nauseated at the end of an arginine infusion, but no other adverse effects were noticed.
The infusions were started after a 10-h fast, with a 
RESULTS
Glomerular filtration rate. The GFR of the subjects, measured as 'Cr-EDTA clearance, is given in Table I .
It tended to increase slightly during each infusion. The mean (+1 SD) for all periods was 48.0 (±5.1, n = 175) and 48.4 (±6.9, n = 83) ml/min per m' for the patients with LPI and for controls, respectively. This is slightly less than is usually reported for inulin clearance. The clearance of 'Cr-EDTA has previously been found to be about 15% less than that of inulin (22) . We may thus have underestimated the GFR's and, consequently, the filtered loads of amino acids by approximately 15%. The absolute rates of tubular reabsorption would then be underestimated by the same absolute amounts as the filtered loads, and observations of tubular secretion would be false when less than 15% of the filtered load. None of the differences observed between the patients with LPI and the controls would be false because of such underestimation. Arginine infusion was accompanied by an increase in plasma ornithine concentration. This was 30-100% of the increase in arginine concentration, in molar units, in both patients with LPI and controls. The same effect has been observed in animals (23, 24) . Ornithine infusion influenced the plasma arginine concentration variably but to a lesser degree; the largest infusion used produced only a twofold increase in plasma arginine. The lysine concentration remained quite stable during arginine and ornithine infusions. Reabsorption rates in fasting subjects (Fig. 1) . The reabsorption of lysine in patients with LPI was markedly impaired, the threshold being very low (Fig. la) . Though the filtered load of lysine was lower in the LPI patients, only 37.2±20.2% (mean-+SD) was reabsorbed, in contrast to 99.0±0.4% in the controls. The patients' plot of reabsorption rate versus filtered load (Fig. la) concentrates around an oblique straight line, with the regression equation y = 0.87x -1.46 (r = 0.92). This finding is compatible with either of two explanations. First, the defect may be that little or no reabsorption takes place at low filtered loads, but once the filtered load has risen above a minimum, the amount reabsorbed will increase linearly with it. Second, tubular secretion of lysine may be substantial and mask reabsorption at low filtered loads. Slight tubular secretion was actually measured in three instances, but this was within the limits of technical error.
The reabsorption of arginine and ornithine was clearly diminished, though to a lesser degree than that of lysine. Secretion was not observed. Of filtered arginine, 76.0±17.8% was reabsorbed in the patients and 99.6±0.3% in the controls, and of ornithine, 87.4 ± 12.5% and 98.6±2.0% was reabsorbed, respectively.
Both differences are significant at P <0.0005. One patient (no. 4) reabsorbed 99.2% of the arginine and 98.3% of the ornithine, which was well above the level in the other patients with LPI. At increased filtered loads (see below), this subject behaved like the other patients. The child with hypoparathyroidism (no. 9) reabsorbed 99.2, 99.4, and 98.7% of lysine, arginine, and ornithine, respectively, and did not differ from the other controls.
Three explanations can be offered for the failure of the kidney to retain arginine and ornithine adequately in LPI. First, the unreabsorbed tubular lysine may compete with the other diamino acids for normal reabsorption. As its filtered load is decreased in LPI, lysine could conceivably interfere with the normal arginine and ornithine reabsorption mechanism only if this mechanism is located distally to the normal reabsorption site of lysine. Second, an abnormality, tubular secretion of arginine and ornithine, may be present in LPI. Third, the reabsorption of all three diamino acids may be impaired because of a defect in their common transport system, though to a variable degree depending on their different affinity for that system. Whatever the mechanism is, lysine, arginine, and ornithine are lost into the urine in that decreasing order.
Arginine and ornithzine reabsorption at increased filtered loads. When the filtered load of arginine or ornithine was increased by infusion, the reabsorbed fraction decreased (Fig. 2) . In the controls, close to 100% was reabsorbed up to the filtered load (mean) of 50 ,umol/min per m2 for arginine, and 80 umol/min per m' for ornithine. The difference in reabsorption between the patients with LPI and the controls first increased with the tubular load and then decreased as the slope of the reabsorption curves of the controls began to decrease. Competition studies. In controls, infusion of increasing amounts of ornithine resulted in a gradual approximately linear decrease in the fractional reabsorption of arginine and lysine (Fig. 3) . Arginine infusion, which also brought about a rise in plasma ornithine concentration (see above), caused a similar but steeper decrease in the fractional reabsorption of lysine (Fig.  4) . Similar infusions with lysine alone were not conducted. Infusion of arginine at a constant rate, with stepwise increased concentrations of lysine, was followed by decreased fractional reabsorption of arginine and ornithine (Fig. 5) . When arginine alone was infused, the fractional reabsorption of lysine (mean and range) was 68.6 (58.7-80.1) %. The first addition of lysine to the arginine infusion increased the filtered load of lysine to 63. 4 In the patients with LPI, the reabsorption curve after stepwise increase of the filtered load of ornithine differed from that of the controls (Fig. 3) . At first, net tubular absorption of arginine and lysine decreased, and in many patients, even turned to unequivocal net secretion. A further increase in the ornithine load was I. associated in many with an increase in the absorption of arginine and lysine and even with a shift from net secretion back to net absorption again. With high ornithine loads, absorption proceeded in several patients at rates close to those of the controls. Lysine behaved similarly during the arginine infusions (Fig. 4) . Addition of lysine to the constant infusion of arginine was followed by a small increase in the fractional reabsorption of ornithine in four patients and of arginine in two of the five patients studied. A further increase in the filtered load of lysine caused a drop in the fractional reabsorption of both amino acids in all but one of the patients (Fig. 5) . When arginine alone was infused, the fractional reabsorption of lysine (mean and range) was -10.4 (-43.5 to + 6.1) %. The first addition of lysine to the infusion increased its filtered load to 71.3 
DISCUSSION
The renal aminoaciduria of patients with LPI differs from that of classical cystinuria, in that these patients do not excrete significant quantities of cystine. 'This finding supports the view that cystine is at least partially transported by a mechanism separate from that for the diamino acids in the kidney tubuli. Because the reabsorption defect is more specific, LPI offers a good opportunity for studying the mechanism of tubular transport of the diamino acids in the human kidney.
Patients with LPI lose a significant amount of diamino acids in the urine even during fasting periods. Postprandially, as the plasma amino acid concentration rises, this loss must affect their diamino acid economy.
The reabsorption titration curves of arginine and ornithine in patients with LPI are splayed and differ clearly from those of the controls. Such splaying may result from a mutation altering the affinity of a transport system for its substrates. Another possibility is that at least two transport systems for the diamino acids are present in the human kidney (20) . The first system, which is responsible for transport at low substrate concentrations, would then be deficient in LPI. When the substrate concentration in the tubular urine is increased to the levels at which the second weak affinity, large capacity system predominates, diamino acid reabsorption proceeds at the normal rate.
At present, quantitation of the tubular secretion of amino acids is not possible. The deviation in LPI from the normal reabsorption-titration curve of arginine or ornithine could theoretically be caused by increased tubular secretion of the other diamino acids, especially lysine, as these might block the reabsorption of the infused amino acid. This is very unlikely, for the follow-ing reasons. First, in the tubular urine, the molar concentration of the other diamino acids must be very low relative to the concentration of the infused diamino acid. This must be true even in the extreme situation in which all plasma leaving the kidney has been cleared of the other diamino acids by tubular secretion. Second, addition of lysine to an arginine infusion had only a small effect on the fractional reabsorption of arginine and ornithine, though it brought about a shift from net secretion to net absorption of lysine itself. These phenomena also refute the hypothesis that the tubular defect in LPI is limited to lysine reabsorption (6).
Net tubular secretion of arginine and ornithine occurred with high filtered loads of ornithine, and net secretion of lysine with high loads of arginine. With further increase in those loads, the net secretion induced often reverted to net absorption. This may be explained as follows. During the infusions, the grossly deficient low-concentration transport system is occupied by an excess of the infused amino acid. Normal secretion of the diamino acids out of the tubular cells continues and exceeds the influx of the other two diamino acids via the deficient transport system. This is the case, at least, when the amino acid present in excess is ornithine or arginine. When the filtered load of the infused amino acid is very high, its concentration in the tubular cells becomes high enough to inhibit the secretion of the other diamino acids, either by occupying the sites for secretion or by some other mechanism. At high concentrations, either a normal "high-concentration" transport system becomes active or the kinetically abnormal transport system reaches normal capacity, and reabsorption proceeds at a normal rate.
Our patients with LPI had net reabsorption of both arginine and ornithine during the joint infusion of arginine and lysine, in spite of the high filtered load of lysine. This is presumably due to the fact that the filtered loads of all three were markedly increased.
In conclusion, we suggest that the complicated picture of the renal handling of diamino acids in LPI is based on the interplay of two or three factors. The reabsorption system for all three diamino acids is defective with low filtered loads. Either this system attains normal capacity with higher loads, or the work is taken over by a second high-concentration system, which is unaffected in LPI. There is a large tubular efflux of all diamino acids. In normal tubuli these diamino acids are recovered by effective reabsorption, but in LPI, they partly remain in the tubular urine.
Tubular secretion of cystine in cystinuria (17, 18) and tubular secretion of two diamino acids during infusion of the third in LPI may have a similar basis.
If the defective transport mechanism for cystine/ cysteine (25) in cystinuria is abnormally sensitive to competition by the diamino acids present in the tubular fluid, normal tnbular efflux of cystine/cysteine will exceed the capacity for absorption, and the result will be net secretion.
